Local species extinctions may lead to, often unexpected, secondary extinctions. To predict these, we need to understand how indirect effects, within a network of interacting species, affect the ability of species to persist. It has been hypothesized that the persistence of some predators depends on other predator species that suppress competitively dominant prey to low levels, allowing a greater diversity of prey species, and their predators, to coexist. We show that, in experimental insect communities, the absence of one parasitoid wasp species does indeed lead to the extinction of another that is separated by four trophic links. These results highlight the importance of a holistic systems perspective to biodiversity conservation and the necessity to include indirect population dynamic effects in models for predicting cascading extinctions in networks of interacting species.
INTRODUCTION
Owing to the interdependence of species in ecosystems, biodiversity loss as a result of human activities may lead to cascades of secondary extinctions [1 -4] . Predicting these extinctions is often difficult and requires an understanding of the mechanisms by which the effects of the loss of one species are transmitted through the network of interactions among species [5] . Models of secondary extinctions in food webs (networks of trophically interacting species) can be divided into two classes: (i) topological models that only consider network structure, and in which extinctions happen when species no longer have any resources and (ii) dynamic models in which population dynamics of all species are governed by their interactions. The limitations of the first class are commonly acknowledged, chief among these being that they do not allow for top-down effects and competitive interactions [6, 7] . Nevertheless, they are still often applied to test the robustness of natural food webs [8] , even though dynamic models clearly indicate the importance of top-down and horizontal indirect effects among species in propagating extinction cascades [9] [10] [11] . Currently, there is little empirical evidence for secondary extinctions being caused by the loss of positive indirect interactions following a primary extinction, despite evidence that indirect interactions play a dominant role in structuring ecological communities [12] .
Species at higher trophic levels (carnivores) are particularly vulnerable to extinction [1] , and positive indirect interactions among these species have long been considered a potentially important mechanism for the maintenance of species diversity [13] [14] [15] [16] . Competition between resource species can lead to an indirect mutualism between their consumers [16, 17] , because a consumer that reduces the density of its prey also reduces competition at the prey's trophic level with positive effects on other prey species and, thereby, their consumers. Consequently, the extinction of one carnivore species could lead to cascading extinctions of other carnivores whose prey are outcompeted by the prey that is released from top-down control. Indirect mutualism can occur when consumer species are sufficiently specialized, with each feeding predominantly on different food resources [13] . Despite the potential importance of this effect, empirical evidence for it is scarce and either based on observations of co-occurrence patterns of aquatic predators [15] or experimental studies of interactions among herbivores on a rocky shore [14] and granivores in a desert ecosystem [18] , both of which have problems associated with their experimental design [19, 20] .
Communities of plants, insect herbivores and insect parasitoids account for a large part of the Earth's species and are characterized by a high degree of diet specialization [21] . Furthermore, they have proved to be excellent experimental models for food web ecology [22] [23] [24] . We assembled replicate communities consisting of plants as a shared resource for two aphid species and two parasitoid wasps each of which attacks only one of the aphid species. We hypothesized that exclusion of either parasitoid species would have a negative effect on the population of the other as a result of increased resource competition between their respective host species. We show that the absence of one parasitoid species leads to the extinction of the other and that this effect is transmitted through four trophic links.
MATERIAL AND METHODS
Experimental communities were assembled from Vicia faba (L) (var. the Sutton) plants as a shared resource for the herbivorous aphids Aphis fabae (Scopoli) and Acyrthosiphon pisum (Harris) and the parasitoid wasps Lysiphlebus fabarum (Marshall) and Aphidius ervi (Haliday), each of which attacks only one of the aphid species. Experimental cages were arranged in seven blocks, each containing one cage of each experimental treatment (figure 1a): (i) both the parasitoid species L. fabarum and Aphidius ervi present, (ii) only L. fabarum present, and (iii) only Aphidius ervi present. The plant V. faba and the aphid species Acyrthosiphon pisum and Aphis fabae were present in all treatments.
Communities were contained in 30 Â 30 Â 30 cm Plexiglas cages with a fine mesh sleeve for ventilation and access. Each cage contained eight 9 cm diameter pots with four V. faba plants each. The plants were renewed by twice a week replacing the two oldest pots with fresh ones containing two-week old seedlings, taking care to return all insects to the cage. This procedure allows the long-term maintenance of experimental aphid populations, with a carrying capacity in the order of 2000-3000 individuals, but does not prevent interspecific competition [24] . The experimental cages were kept in a controlled environment room at 208C, relative humidity 75 per cent, with a 16 L : 8 D cycle. Under these conditions, the generation times are 9 and 12 days for the aphids and parasitoids, respectively.
At the start of the experiment, five wingless adult females of each aphid species were introduced (both species reproduce asexually by giving birth to live female young under summer conditions). Ten days after the aphids, three mated female parasitoids were released for each species as per experimental treatment. The parasitoid females lay eggs in immature aphids and the wasp larvae feed internally on their host before killing it and pupating inside the dried skin of the host, forming a so-called 'mummy'. Only a single parasitoid individual can develop per host individual so the number of mummies in a cage can be used as a measure of population density. Once a week, during the eight weeks of the experiment, the number of aphids and parasitoid mummies of each species was counted on half of the plants in each cage.
The responses of aphid and parasitoid populations to the experimental treatments were analysed using linear mixed-effects models with log transformed cumulative (over time) density data as response variable. The effect of experimental treatment on the population size of each species was tested as fixed effect with 'block' included as random effect. Significance levels were determined by comparing models with and without the treatment effect using maximumlikelihood methods. Analysis was carried out using the open source software R v. 2.13.2 [25] .
RESULTS
The parasitoid L. fabarum showed lower population densities (figure 1b; likelihood-ratio (LR) ¼ 9.44, p , 0.01), and went extinct in all seven replicates within six weeks (two to three generations; figure 2a), 
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when Aphidius ervi was omitted from the community. In contrast, L. fabarum persisted in all replicates in the presence of Aphidius ervi. These differences were associated with lower population densities, and eventually extinction, of Aphis fabae (the host of L. fabarum) (figure 1d, LR ¼ 9.73, p , 0.01) and markedly higher population densities of Acyrthosiphon pisum (figure 1e, LR ¼ 17.18, p , 0.0001) in the absence of the parasitoid Aphidius ervi. We found no evidence for a reciprocal positive effect of L. fabarum on Aphidius ervi (figure 1c, LR ¼ 3.29, p . 0.05) and there was no difference in population persistence of the latter between the treatments (figure 2b). There was a clear effect of the presence of L. fabarum on the population of its host Aphis fabae (figure 1d, LR ¼ 7.32, p , 0.01), but this did not affect the density of Acyrthosiphon pisum (figure 1e, LR ¼ 2.63, p . 0.1).
DISCUSSION
We found a clear positive indirect effect of the parasitoid Aphidius ervi on another parasitoid, L. fabarum, via four trophic links (figure 1a), such that populations of L. fabarum could only persist in the presence of Aphidius ervi. The extinction of L. fabarum was a result of the extinction of its host, Aphis fabae, through competitive exclusion by the aphid Acyrthosiphon pisum, when the latter species was not controlled by its parasitoid. Our experiment demonstrated that consumer species whose prey compete for a shared resource can have a strong positive indirect effect on each other, promoting species persistence at the resource and the consumer level. Therefore, when considering this mechanism, species losses can indeed lead to secondary extinctions of indirectly linked species.
We found no evidence for a reciprocal effect of L. fabarum on Aphidius ervi. Acyrthosiphon pisum (the host of Aphidius ervi) populations were only regulated by their parasitoid and not by interspecific resource competition, and hence there was no scope for indirect effects to be transmitted in this direction. This asymmetry in competition among the two aphid species led to an indirect commensalism between the parasitoid species, rather than the expected indirect mutualism. We have observed such strongly asymmetric competition among aphids before [24] but the underlying mechanisms remain unclear. In general, competition is typically asymmetric [26] so that indirect commensalism should be more frequently found than indirect mutualism.
We conclude that secondary consumer species whose prey compete for a shared resource can indeed have a strong positive indirect effect on each other, promoting population persistence and the maintenance of biodiversity. Loss of this positive indirect effect, through the removal of one species, can lead to the extinction of another species that is four trophic links removed. Our experimental communities were very simple and in natural diverse and complex communities there are likely a number of other indirect pathways that either reduce or strengthen the effect identified here. Moreover, in spatially structured communities the degree of competition could vary in space and allow for recolonization following local extinctions. These results emphasize the necessity for including population dynamic effects in food web models aimed at testing the robustness of natural multitrophic communities to primary extinctions [27] . Current species extinctions are biased towards higher order consumers [1] which, by the mechanism demonstrated here, could lead to a cascade of secondary extinctions. 
